During interphase, the chromosomes of eukaryotes decondense and they occupy distinct regions of the nucleus, called chromosome domains or chromosome territories (CTs). In plants, the Rabl's configuration, with telomeres at one pole of nucleus and centromeres at the other, appears to be common, at least in plants with large genomes. It is unclear whether individual chromosomes of plants adopt defined, genetically determined addresses within the nucleus, as is the case in mammals. In this study, the nuclear disposition of alien rye and barley chromosomes and chromosome arm introgressions into wheat while using 3D-FISH in various somatic tissues was analyzed. All of the introgressed chromosomes showed Rabl's orientation, but their relative positions in the nuclei were less clear. While in most cases pairs of introgressed chromosomes occupied discrete positions, their association (proximity) along their entire lengths was rare, and partial association only marginally more frequent. This arrangement is relatively stable in various tissues and during various stages of the cell cycle. On the other hand, the length of a chromosome arm appears to play a role in its positioning in a nucleus: shorter chromosomes or chromosome arms tend to be located closer to the centre of the nucleus, while longer arms are more often positioned at the nuclear periphery. 109 110 Figure 3. Wheat nuclei with introgressed pair of rye del1RS.1RL chromosomes in different cell cycle 111 stages: G1 phase (A), S phase (B) and G2 phase (C). Total genomic DNA of rye was labelled with 112 TRITC using Nick translation (yellow), centromeres of both wheat and rye chromosomes were 113 visualized using oligonucleotide probe (magenta), and the telomere-specific sequence was 114 PCR-labelled with FITC (green). Nuclear DNA was counterstained with DAPI (blue). Nucleoli are 115 indicated by white dashed lines. Scale bar = 3 µm. Note more central positioning of rye chromosomes 116 in the progression of cell cycle and no resolution of sister chromatids in G2.
Introduction
During interphase, eukaryotic chromosomes decondense and occupy distinct regions of the nucleus, named chromosome territories or chromosome domains [1, 2] . Each chromosome territory (CT) is a complex structure of irregular shape and it appears to be largely stable during the interphase of the cell cycle [3] [4] [5] . Although CTs are spatially separated from each other by interchromosomal domains, there are regions where neighboring territories intermingle [6] .
Chromosome painting, where whole chromosome probes are used for FISH of single CTs or groups of CTs, showed that interphase chromosomes are radially arranged in human [7, 8] primates [9] , chicken [10] , and mouse [5] . This type of the CT arrangement appears to be evolutionary conserved among vertebrates [11, 12] . However, the radial chromosome arrangement has not been observed in flowering plants. Instead, chromosome territories show two predominant configurations, which are known as Rabl's and Rosette. In the Rabl's orientation [13] , centromeres are grouped at, or close to, the nuclear periphery at one pole of the nucleus, while telomeres are dispersed at the opposite pole [14] . This configuration is found in many large-genome plant species and is a remnant of anaphase chromosome movement [15] . A completely different type of nuclear organization has been observed in Arabidopsis thaliana (L.) Heynh., where the CTs exhibit rosette-like structures [16] . Centromeres are randomly distributed at the nuclear periphery, while telomeres congregate around the nucleolus. Centromeric heterochromatin forms distinct chromocenters, and euchromatin domains, where the majority of genes are located, create 0.2-2Mb loops that result in rosette-like structures of interphase chromosomes [16] [17] [18] . The position of CTs and the arrangement of heterochromatin domains is mostly random in differentiated as well as in meristematic tissues, except for chromosomes with nucleolar organizing regions (NORs), which associate with the nucleolus [16, 19] .
There is a growing evidence that links nuclear architecture with gene expression. Structural genes are often regulated by loci that are located far from the genes themselves, and sometimes even on different chromosomes. Methodological advances provided a way to map in detail the contacts between genes and their regulators, including promoters and enhancers. The method of chromosome conformation capture (3C) and its modifications, such as 4C and Hi-C, reveal contacts between chromatin fibres [20, 21] . Using Hi-C, Dixon et al. [22] found that DNA within each chromosome territory is organized into chromatin domains, which can change their spatial conformation. Chromatin fibres within and between these topologically associated domains (TADs) can interact and affect gene expression via the formation of new contacts between enhancers and promoters, or by interrupting the existing contacts. These interactions are reorganized during growth and development, and in reaction to external factors [23, 24] .
Merging two genomes via interspecific hybridization may alter chromatin organization, and hence the interactions between genes and their regulatory elements. Gene expression studies on ancient and newly developed allopolyploids reveal substantial changes in gene expression [25] . However, the organization of parental chromatin in interspecific hybrids, as well as its effect on gene expression, remains poorly understood. In Chinese hamster × human hybrid cell lines, the human X chromosome (as the only human chromosome present) is located in a distinct chromatin body [26] . Similarly, Sengupta et al. [27] provided evidence of the stable positioning of gene-poor human chromosomes 7 and 18 on the periphery of human × mouse hybrid nuclei. These results indicate that the location of a CT in a hybrid nucleus might be affected more by its gene content rather than by its parental origin. Even less is known about nuclear architecture in the interspecific hybrids of plants. Chromosome arms of rye (Secale cereale L.) introgressed into bread wheat (Triticum aestivum L. ssp. aestivum) display a typical Rabl s orientation and they appear to be located at the periphery of cell nuclei, while homologous arms are usually spatially separated from each other [28, 29] . However, these findings were based on two-dimensional (2D) squash preparations in which the third dimension was compromised.
The studies on spatial CT organization in plants with large genomes, such as wheat, rye, and barley, are hampered by the lack of chromosome-specific painting probes for FISH. A solution is to use alien chromosome introgressions or substitutions and visualize alien chromosomes by genomic in situ hybridization (GISH) while using labelled genomic DNA from the donor species. This study employed this approach to shed more light on the spatial organization of parental genomes in the somatic nuclei of interspecific plant hybrids and to compare the nuclei from different cell cycle phases, various tissues, with contrasting relative proportions of parental genomes and varying the lengths of introgressed chromosomes (or arms). A combination of a wide set of various introgression lines (rye introgressions in wheat, barley in wheat and wheat in rye), 3D-GISH, confocal microscopy, and visualization of parental chromatin in software Imaris, made it possible to evaluate the potential impacts of the above-mentioned features on the position of the introgressed alien chromatin.
Results

Morphometric Characteristics of G 1 Nuclei of Wheat-Rye and Wheat-Barley Chromosome Introgression Lines
In total, 481 G 1 nuclei were analyzed, isolated from root tips of plants carrying rye or barley chromatin introgressed into wheat background or wheat chromatin introgressed into rye background (Figures 1 and A1-A3 ). The parameters that are described in Materials and Methods were evaluated. Generally, the morphology of the G 1 nuclei, which were flow sorted into polyacrylamide gels, ranged from spherical and ellipsoidal to irregular shapes with varying degree of contortion. Only nuclei with spherical and slightly ellipsoidal shapes were selected for analyses. In 3D-GISH, the CTs of introgressed chromosomes or chromosome arms appeared as compact structures of regular shapes that were arranged in a typical Rabl's orientation. Centromeres and telomeres of the host chromosomes also displayed Rabl's configuration. Centromeres were generally close to each other and located at the nuclear periphery at one pole of the nucleus, while the telomeres were located at the opposite pole and usually dispersed over larger volume of the nuclei than the centromeres. In a majority of cases, the centromeres of introgressed chromosomes or chromosome arms were closer to each other than their telomeres and arm mid-points (MA). The distances between the arm mid-points and between their telomeres are similar in a majority of lines (Table 1) . 
Morphometric Characteristics of G1 Nuclei of Wheat-Rye and Wheat-Barley Chromosome Introgression Lines
In total, 481 G1 nuclei were analyzed, isolated from root tips of plants carrying rye or barley chromatin introgressed into wheat background or wheat chromatin introgressed into rye background (Figure 1 , A1, A2 and A3). The parameters that are described in Materials and Methods were evaluated. Generally, the morphology of the G1 nuclei, which were flow sorted into polyacrylamide gels, ranged from spherical and ellipsoidal to irregular shapes with varying degree of contortion. Only nuclei with spherical and slightly ellipsoidal shapes were selected for analyses. In 3D-GISH, the CTs of introgressed chromosomes or chromosome arms appeared as compact structures of regular shapes that were arranged in a typical Rabl's orientation. Centromeres and telomeres of the host chromosomes also displayed Rabl's configuration. Centromeres were generally close to each other and located at the nuclear periphery at one pole of the nucleus, while the telomeres were located at the opposite pole and usually dispersed over larger volume of the nuclei than the centromeres. In a majority of cases, the centromeres of introgressed chromosomes or chromosome arms were closer to each other than their telomeres and arm mid-points (MA). The distances between the arm mid-points and between their telomeres are similar in a majority of lines (Table 1 ).
Figure 1. Nuclei (from root tips) with rye chromosomes in wheat background after 3D-FISH. (A)
Nucleus with a pair of rye 1R chromosomes substituted for wheat chromosomes 1A. (B) Nucleus with a pair of rye del1RS.1RL chromosomes. Total genomic DNA of rye was labelled with TRITC using Nick translation (yellow), centromeres of both wheat and rye chromosomes were visualized using oligonucleotide probe (magenta), and telomere-specific sequence was PCR-labelled with FITC (green). Nuclear DNA was counterstained with DAPI (blue). Nucleoli areas are indicated by white dashed lines. Scale bar 3 µm.
Among all the analyzed nuclei, there are 315 G1 nuclei carrying various introgressions of rye chromatin into wheat background (Figures 1 and A1 ). Volumes of these nuclei range from 753 to 3407 µm 3 (average 1618 µm 3 ). The lengths of individual rye chromosome arms ranged from 3.7 µm to 20.9 µm. For wheat chromosomes introgressed into rye background, 40 G1 nuclei were analyzed ( Figure A2 ). Nuclear volumes range from 1029 to 2535 µm 3 (average 1514 µm 3 ) and lengths of individual wheat chromosome arms range from 1.8 to 12.2 µm. For barley introgressions into wheat background, the total number of analyzed G1 nuclei is 126 ( Figure A3 ). The nuclear volumes range from 900 to 3872 µm 3 (average 1721 µm 3 ) and lengths of individual barley chromosome arms range from 1.4 µm to 15.1 µm. In lines 6H and 6HS, the nucleolus is frequently present on the short arm; the secondary constriction, which makes the arm longer: the average length of the 6HS arm, including the nucleolus is 6.7 and 4.1 in complete chromosome 6H and telocentric 6HS; when the nucleolus constriction is excluded from the total measurements, it is 4.2 and 3.5 µm for 6H and 6HS, respectively. Nucleus with a pair of rye 1R chromosomes substituted for wheat chromosomes 1A. (B) Nucleus with a pair of rye del 1RS.1RL chromosomes. Total genomic DNA of rye was labelled with TRITC using Nick translation (yellow), centromeres of both wheat and rye chromosomes were visualized using oligonucleotide probe (magenta), and telomere-specific sequence was PCR-labelled with FITC (green). Nuclear DNA was counterstained with DAPI (blue). Nucleoli areas are indicated by white dashed lines. Scale bar 3 µm.
Among all the analyzed nuclei, there are 315 G 1 nuclei carrying various introgressions of rye chromatin into wheat background (Figures 1 and A1 ). Volumes of these nuclei range from 753 to 3407 µm 3 (average 1618 µm 3 ). The lengths of individual rye chromosome arms ranged from 3.7 µm to 20.9 µm. For wheat chromosomes introgressed into rye background, 40 G 1 nuclei were analyzed ( Figure A2 ). Nuclear volumes range from 1029 to 2535 µm 3 (average 1514 µm 3 ) and lengths of individual wheat chromosome arms range from 1.8 to 12.2 µm. For barley introgressions into wheat background, the total number of analyzed G 1 nuclei is 126 ( Figure A3 ). The nuclear volumes range from 900 to 3872 µm 3 (average 1721 µm 3 ) and lengths of individual barley chromosome arms range from 1.4 µm to 15.1 µm. In lines 6H and 6HS, the nucleolus is frequently present on the short arm; the secondary constriction, which makes the arm longer: the average length of the 6HS arm, including the nucleolus is 6.7 and 4.1 in complete chromosome 6H and telocentric 6HS; when the nucleolus constriction is excluded from the total measurements, it is 4.2 and 3.5 µm for 6H and 6HS, respectively. The values (mean ± SD) of arm length, distances between centromeres (C-C), between mid-points of the arms (MA1-MA2), between telomeres (T-T), and arm mid-points to the centre of nucleus (MA-CN) were standardized according to the volume of the nucleus (absolute distance in µm/nuclear volume × 1000). For 6H and 6HS, the arm length without nucleolus is given in brackets. Differences in mean values of centre of the nucleus and the chromosome arm (CN-MA) among introgression lines were tested by general linear models using the F-test. Individual comparison tests were done using the Bonferroni adjusted probability level. Significantly different means of respective characteristic among introgression lines are coded by different letters column-wise and separately for each introgression group and short/long arm, if available (p Value coding: *** p ≤ 0.001, ** 0.001 < p ≤ 0.01, * 0.01 < p ≤ 0.05, n.s., not significant with p > 0.05). 1 deletion of proximal about 36% of 1RS; 2 deletion of proximal about 30% of 1RL; 3 estimated values of chromosome and chromosome arm length and arm ratios were calculated from rye karyotypes of Schlegel et al. [30] and Naranjo [31] , from Gill et al. [32] , Paux et al. [33] and Salina et al. [34] for wheat, and from Mascher et al. [35] for barley and genome size estimations [36] .
In total, 44 G 1 nuclei of triticale were analyzed ( Table 2 ). The CTs of wheat and rye chromatin are readily distinguishable from each other and they do not appear to intermingle (Figure 2 , Video S1). All of the chromosomes display Rabl's configuration with their centromeres located close to each other at the nuclear periphery. The nuclear volume of tetraploid triticale ranged from 600 to 1587 µm 3 (average 993 µm 3 ). On average, 53.6% of this volume is occupied by rye chromatin, while 46.4% is occupied by wheat chromatin. The nuclear volume of hexaploid triticale ranged from 1097 to 2322 µm 3 (average 1412 µm 3 ), with 37.7% of the nuclear volume belonging to rye chromatin, while 62.3% is occupied by wheat chromatin. These values, for both ploidy levels in triticale, appear to be directly related to the relative DNA contents of the wheat and rye genomes. Total genomic DNA of rye was labelled with FITC using Nick translation (green), total genomic DNA of wheat was labelled with TRITC (yellow), and centromeres of both wheat and rye chromosomes were visualized using oligonucleotide probe (magenta). Nuclear DNA was counterstained with DAPI (blue). Wheat and rye chromatin was visualized in Imaris 9.2 using the 'Surfaces' function. The nucleolus area is indicated by a white dashed line. Scale bar 3 µm.
Variation in the Spatial Arrangements in G 1 Nuclei of Alien Chromosome Arms in Various Wheat-Rye and Wheat-Barley Introgression Lines
There appears to be a relationship between the spatial positioning of a rye chromosome arm and its length. The shortest complete rye chromosome arm, 5RS, tracks most frequently through the inner volume of the nucleus, while the longest arm, 2RL, is more frequently located on the periphery, close to the nuclear envelope. Chromosome arm length and the arm ratio on the spatial positioning of a chromosome arm, the distances between the mid-points of rye arms, and the centres of the nuclei (MA-CN) were compared, after standardization for the nuclear volume to test the possible effect of chromosome length (Table 1 ). The range of cytogenetic stocks analyzed (centric translocations, deletion lines, additions, and telosomic lines) made it possible to analyze spatial positioning using independent tests involving various configuration of 1R or its arms, with varying chromosome lengths, chromosome arm lengths and arm ratios (test 1 and 2 for positioning of 1RS and 1RL, respectively), six centric translocations lines (test 3), two addition lines of wheat chromosomes to tetraploid rye (test 4), two whole-chromosome additions of barley chromosomes to wheat (3H, 6H) (test 5), and four telosomic additions of barley chromosome arms to wheat (test 6). Similarly, the arms of the longest wheat chromosome, 3B, present in rye, are more peripherally located than the arms of 5B, a shorter wheat chromosome. Barley introgressions in wheat show a similar pattern: chromosome arms of the longer chromosome 3H occupy more peripheral positions than those of the shorter chromosome 6H (Table 1) .
Test 1: Deletion in 1RS in del 1RS.1RL resulted in a much more central position of this arm than in a normal 1R. Interestingly, separating 1RS from the long arm in t1RS changes the positioning of this arm to the most peripheral among all the 1RS arms analyzed in this study. The MA-CN distances are different for the 1RS arm in different configurations (1R, del 1RS.1RL, 1RS. del 1RL, and t1RS). These configurations formed two homogeneous groups: one containing 1R(1A) and t1RS introgressions with significantly higher MA-CN than the second group, containing all the remaining 1RS introgressions (1RS. del 1RL, del 1RS.1RL). There is a strong and significant positive correlation between MA-CN and the arm length (r s = 1.00, p << 0.001), a weak positive correlation of MA-CN with the chromosome length (r s = 0.50, p = 0.67) and a negative correlation with the arm ratio (r s = −0.50, p = 0.66). As telocentric t1RS only comprises a single chromosome arm, it was excluded from the analysis of correlations between MA-CN and chromosome length and between MA-CN and the arm ratio.
Test 2: Variation in MA-CN among introgression lines was also observed for the 1RL arm. The 1RL arm reduced in length by ca. 30% by a deletion is located in a more central position in the nucleus relative to the complete arm. The short arm appeared to play a role in positioning of the long arm: 1RL displayed the most peripheral location when present in 1R, followed by 1RS. del 1RL and del 1RS.1RL (Table 1) . Correlations between MA-CN and chromosome length (r s = 1.00, p << 0.001), chromosome arm length (r s = 1.00, p << 0.001), and arm ratio (r s = 0.50, p = 0.67) are positive and highly significant.
Test 3: Centric translocations significantly differ in the MA-CN distances, and they form two homogeneous groups: one containing 1RS.1DL and 5RS.5BL, with significantly shorter MA-CN than the second group containing all the remaining centric translocations (Table 1 ). There are weak to strong positive correlations between MA-CN and chromosome length (r s = 0.71, p = 0.11), the arm length (r s = 0.83, p = 0.04), and arm ratio (r s = 0.26, p = 0.62).
Test 4: 3B and 5B introgressions into tetraploid rye do not differ with respect to the MA-CN distance for either the short or long arms (Table 1) . There is a clear tendency of MA-CN to increase with the chromosome length and chromosome arm length, and decrease with the arm ratio for the short arms. For the long arms, MA-CN increased with chromosome length and decreased with both the arm length and arm ratio (not tested due to n = 2).
Test 5: 3H, 6H introgressions in wheat significantly differ with respect to the MA-CN distance for both the short and long arms (Table 1) . There is a clear tendency for MA-CN to increase with the chromosome length, chromosome arm length, and arm ratio for both short and long arms (not tested due to n = 2). Test 6: 3HL, 3HS, 6HL, 6HS introgressions in wheat did not differ with respect to the MA-CN distance (Table 1) . There is a weak positive correlation between MA-CN and the chromosome arm length (r s = 0.40, p = 0.60).
All six tests support the hypothesis that chromosome length and chromosome arm length affect spatial positioning of a chromosome arm in a three-dimensional (3D) nucleus. Longer chromosomes and longer chromosome arms tend to be more peripherally located, while shorter chromosomes and chromosome arms are preferentially located in the interior of the nucleus. Regardless of the positioning of the arm in the nuclear volume, all of the chromosomes and arms still display the Rabl's organization.
The Effect of the Cell Cycle Stages and Tissue-Specificity
To evaluate the possible changes of nuclear characteristics and chromosome positions in various stages of the cell cycle, the 3D-FISH experiments were repeated on the G 2 and S-phases nuclei that were isolated from root tips of four selected wheat-rye introgression lines (Table 3) . Morphologically, the nuclei in G 2 and S were similar to those in G 1 (Figure 3 ) and so the same shape criteria were used to select nuclei for analyses and the same parameters were measured. As in G 1 , introgressed chromosomes or chromosome arms are arranged in Rabl's configuration with their centromeres and telomeres being located on the opposite poles of the nuclei. The fluorescent signal from the genomic probe did not allow for us to distinguish the two chromatids during or after DNA replication in S-or G 2 -phase nuclei, respectively.
In total, 85 nuclei in the S phase and 90 nuclei in G 2 were analyzed. Their volumes ranged from 1252 to 3236 µm 3 (average 2076 µm 3 ) and from 1061 to 4313 µm 3 (average 2456 µm 3 ) for S and G 2 phases, respectively. The lengths of individual rye chromosome arms in the S-phase ranged from 1.4 to 11.4 µm, and from 2.2 to 9.9 µm in S and G 2 , respectively. Relative to the values that were observed in the G 1 nuclei (Table 1) , introgressed rye chromosome arms appear to be shorter with the cell cycle progression (they are the longest in G 1 and the shortest in G 2 ), while the volume of the nucleus increases (it is the smallest in G 1 and the largest in G 2 ) ( Table 3 ). Introgressed chromosome arms usually display the most peripheral position in G 1 and a more central position in G 2 and S nuclei. Interestingly, the shift to more central positioning of 1RS reduced in length by a deletion in del 1RS.1RL that is evident in G 1 , is not observed in S and G 2 . The same 3D-FISH experiments were repeated again, on G 1 nuclei from embryonic and leaf cells of two selected wheat-rye introgressions to assess the possible variability of nuclear characteristics and chromosome positions in various plant tissues ( Table 4 ). The morphology of nuclei that were isolated from both tissues, as well as the general organization of chromosomes in the Rabl's configuration, appeared to be similar to the nuclei that were isolated from root tips (Figure 4) .
In total, 44 nuclei from embryonic cells and 41 nuclei from leaf mesophyll were analyzed. The nuclear volumes ranged from 938 to 2064 µm 3 (average 1300 µm 3 ) in embryonic cells and from 363 to 927 µm 3 (average 651.5 µm 3 ) in the leaf cells. The lengths of individual rye chromosome arms ranged from 2.8 to 13.7 µm and from 2 to 19.5 µm in nuclei from embryos and from leaves, respectively. When compared to the values that were obtained from the G 1 nuclei from root tips (Table 1) , the largest nuclear volume was found in root tips, while the smallest in nuclei from leaf cells. Despite this, the introgressed chromosome arms appeared to be the longest in the root tip nuclei and in embryonic cells, and the shortest in the leaf cell nuclei. In a majority of cases, the distances between introgressed homologous chromosome arms as well as their distances from the centre of the nucleus appear to be the longest in leaf cell nuclei and the shortest in root tip nuclei. 
Spatial Separation vs. Association of Alien Chromosome (Chromosome Arm) Homologues
Visual screening revealed that the territories of pairs of introgressed homologous chromosomes and chromosome arms adopt various types of arrangements ( Figure A4) . The most frequently observed arrangement across all lines in the G 1 nuclei from root tips (83%) is the complete separation of homologues (Table 5 ). Complete association along entire homologous arms is evident in only 3.7% of nuclei; 13.3% of nuclei display their partial association. Rye homologues introgressed into the wheat background are completely separated in 82.9% of G 1 nuclei. Partial chromosome association is observed in 14.6% of nuclei, and the complete association of rye homologues was observed in 2.5% of nuclei. Interestingly, in the rye background, not a single nucleus with fully associated wheat homologues was observed; only 5% of such nuclei show partial association, while wheat homologues are completely separated in the remaining nuclei (95%). Table 5 . Numbers of the G 1 , S, and G 2 phase nuclei with complete separation, partial association and complete association of introgressed chromosomes or chromosome arms in various tissues of wheat-rye and wheat-barley introgression lines. Unless otherwise stated, the nuclei were in G 1 phase and isolated from root tips.
Introgression
Complete The frequencies for barley chromosomes or chromosome arms introgressed into wheat are similar to those of rye introgressions. The complete separation of barley homologues is observed in 79.4% of nuclei, while the partial and complete association is displayed by 12.7% and 7.9% of nuclei, respectively.
3D-FISH of embryonic G 1 nuclei from two selected wheat-rye introgression lines shows the complete separation of introgressed homologues in 79.5% of nuclei (Table 5 ). While 11.4% of embryonic nuclei displayed partial association of rye homologues, complete association is found in 9.1% of nuclei. Similarly, 80.4% of the G 1 nuclei from leaves showed a complete separation of the introgressed chromosomes or chromosome arms. The frequency of both complete and partial associations of rye homologues is the same (9.8% of nuclei). Higher frequencies of complete associations of the introgressed chromosomes or chromosome arms both in leaf and embryonic nuclei, as compared to that obtained from nuclei of root tips were observed.
Rye chromosomes or chromosome arms are completely separated in 80% of G 2 nuclei of four selected wheat-rye introgression lines ( Table 5 ). In 13.3% of the G 2 nuclei, the rye homologues show partial association and only 6.6% of G 2 nuclei showed complete association of rye homologues. In a majority of the S-phase nuclei (87%), rye chromosomes or chromosome arms are completely separated. Partial association is observed in 10.6% of the S-phase nuclei and only 2.4% of S-phase nuclei have completely associated rye chromosomes or chromosome arms. Thus, there are only slight differences when compared to the frequencies that were obtained from the G 1 nuclei.
Discussion
The organization of DNA in a nucleus affects many fundamental biological functions, such as replication, gene expression, and chromosome segregation [37] . However, the mechanisms governing spatial organization of CTs in plant cell nuclei, and even chromatin organization itself, are still largely unknown. Large chromosomes in species with large genomes, such as wheat, barley, and rye, assume the Rabl's configuration, while species with small chromosomes and small genomes seem to display different organizations, such as the Rosette observed in Arabidopsis [17, 29, [38] [39] [40] . However, genome size per se may not be the critical factor in this regard. The current view may be biased toward the species with large genomes, because they are favored as objects of cytogenetic research. Observations in Brachypodium have shown that species with small genomes and chromosomes might display the Rabl's configuration: B. distachyon (L.) P. Beauv. with a small genome, shows the Rabl's configuration, while B. stacei Catalan, Joch.Muell., L.A.J.Mur & T.Langdon and B. hybridum Catalán, Joch. Müll., Hasterok & Jenkins with larger genomes appear to have a more random organization of chromosome territories [41] . In the present study, Rabl's orientation of rye chromosome arms was observed in all nuclei. The centromeres were generally more tightly clustered than the telomeres, which is probably a relic of the last anaphase movement. Similarly, Idziak et al. [41] showed that telomeres occupy a larger nuclear space as compared to clusters of centromeric sequences in Brachypodium.
The association of homologues or their parts during interphase may facilitate DNA repair via homologous recombination and enable the contacts of genes with their regulatory elements to initiate transcription [42] . However, this study shows that such an association of introgressed homologues is infrequent (~17%). This agrees with a theoretical frequency of random positioning for 42 chromosomes (11.95%) in wheat and with the results of Berr and Schubert [19] . They also found a slightly higher frequency of associations of homologues in the spherical nuclei of various tissues of Arabidopsis thaliana than predicted by the SCD (spherical (1Mb) chromatin domain) model of Cremer et al. [8] . Similarly, Mascher et al. [36] identified contacts among chromosomes in barley while using the Hi-C method and found that contacts between homologues only accounted for 13.1-20.9% (16.5%, on average) of all contacts. The spatial association of homologues has been rarely observed in other disomic chromosome introgression lines, using in situ hybridization of squashed tissue samples [43, 44] . On the other hand, preferential association of homologues, exceeding random positioning, was observed in the nuclei of Brachypodium distachyon and Drosophila melanogaster [45, 46] . Interestingly, Baroux et al. [47] found the preferential association of one paternal and one maternal homologue in endosperm nuclei of Arabidopsis (a triploid tissue), leaving one maternal homologue non-associated. In our case, variation in association with homologues among different tissues was also marginal: complete separation ranged from 80% in embryonic and leaf nuclei to 88% in root cells. Similarly, Berr and Schubert [19] found only slight variation in the degree of separation of homologues between spherical nuclei of cotyledon, shoot, stem, and root tissues.
Hiraoka et al. [48] suggested that factors beyond the tissue type, such as the stage of the cell cycle and development, might also affect the spatial alignment of homologues. However, there are no indications that the CT movement occurs during interphase [49, 50] . The observations presented here fully support that notion: there were only minor differences among nuclei of four genotypes (rye introgressions in wheat) in different phases of the cell cycle, and in different tissues. Similarly, chromosome arm length was proposed to affect homologue associations, with shorter arms being less likely to be associated than the longer arms [45] . No such correlation was observed in this study. Longer chromosome arms did not associate any more frequently than the shorter ones. Only slight differences were observed among the various stocks tested (wheat chromosomes in rye, barley chromosomes or chromosome arms in wheat, and rye chromosomes or chromosome arms in wheat). This indicates that the organization of chromatin in the 3D space of a nucleus is highly predetermined, at least in the genomes that are involved in this study (wheat, barley, and rye).
On the other hand, considerable variability in the association/separation of homologues among translocation lines may reflect the dynamics of chromatin organization. Variability and movement of chromatin during interphase were observed in several organisms [51] . Chromosomes probably do not actively change their positions, but rather display limited, diffusive movements [52, 53] , with interstitial chromosome segments generally showing more movement than the centromeres [54] . However, genome organization seems to be flexible enough to allow for the contacts of homologues necessary for DNA repair and initiation of transcription. On the other hand, the general immobility of chromatin plays a key role in the maintenance of genomic stability [55] .
It has been reported that cellular differentiation has no major impact on the nuclear organization in various tissues in A. thaliana and barley [19, 56] . In this study, in the positioning of rye chromosomes during the cell cycle were observed, apart from minor variation in the separation of homologues in nuclei at different phases of the cell cycle, changes. Not surprisingly, the nuclear volume increased during transition through the cell cycle, while the introgressed rye chromosome arms (or chromosomes) became shorter. Interestingly, as they became shorter, they tended to assume more central positions in the nucleus, but were still within Rabl's orientation. This phenomenon was common to all four genotypes tested.
Six independent tests that involved all three types of genotypes (wheat introgression in rye, rye in wheat, and barley in wheat) that were conducted in this study indicated that shorter chromosome arms are more likely to be positioned in the nuclear interior, whereas longer ones are often located at the nuclear periphery. Apart from the chromosome arm length, the total chromosome length also appears to play a role. The same rye chromosome arm 1RS behaved differently when translocated to two different wheat chromosome arms, 1BL and 1DL. The same identical 1RS is more peripheral in 1RS than in 1RS.1DL. Wheat chromosome arm 1BL is considerably longer than 1DL, hence, the translocation chromosome 1RS.1BL is also longer. This difference in positioning of the same chromosome arm present in two translocations of different lengths implies that the position of a chromosome arm in the volume of the nucleus is a function of the chromosome size, and that the length of one arm may affect the position of the entire chromosome. This is further supported by the positioning of the same arms reduced in length by deletions. It appears that the positioning of a chromosome/chromosome arm in the volume of the nucleus, at least in the case of rye introgressions in wheat, is not chromosome-specific (that is, dependent on its gene content), but rather a function of chromosome length. A change in the overall length of a chromosome, such as by translocation to shorter or longer wheat arm, or reduction by deletion, affects the position of the entire chromosome, and not only of the directly affected arm (Table 1) . While the general rules of chromosome positioning in the nuclei of plants and animals appear to be different, Sun et al. [3] and Bolzer et al. [57] reported that smaller human chromosomes were internally positioned and larger chromosomes were close to the nuclear envelope. It is not clear whether or not the length of the chromosome arm itself determines its position. In species with non-Rabl's configuration, it appears that gene density is the critical factor. Gene-dense chromosomes are predominantly positioned close to the nuclear centre while chromosomes with lower gene densities are located towards the nuclear periphery [1, 4] . Here, the gene content of all group-1 chromosomes (1A, 1B, 1D, and 1R) is essentially the same, so gene density is a function of the chromosome/chromosome arm length: translocation of the same 1RS to two different wheat arms, both essentially with the same gene content but different length, changes gene density of the entire chromosome. On the other hand, deletions of the gene-poor proximal regions of arms also elevate the gene density of the entire chromosome.
According to Bauer et al. [58] , rye chromosome 5R has the highest gene density (3.46 genes per 1Mb), followed by 1R (3.18 genes per 1Mb); gene density in 2R is relatively low (2.83 genes per 1Mb). The physical lengths of the three chromosomes follows the opposite pattern, with 5R being the shortest and 2R the longest in the genome [31] . In this study, 5RS was preferentially located close to the nuclear centre, whereas 2RS more frequently occupied the peripheral positions. However, if there is a general correlation between chromosome length and gene density in rye, there appears no clear way to separate the two factors on chromosome positioning. Different behavior of the same rye arm in two different translocations, 1RS.1DL and 1RS.1BL, each producing a chromosome of different total length, might provide a reasonable approach. There are many clear length differences among homoeologues in wheat. Thus, the same rye chromosome arm translocation to the shortest wheat homoeologue (usually in the D genome) would produce a chromosome of a different total length than translocation to a B-genome homoeologue (usually the largest in the wheat genome). On the other hand, it has not been clarified whether these position effects are of general validity. Random organization of the chromosomes appears to be the case in Arabidopsis with the exception of chromosomes 2 and 4. These two chromosomes carry NORs, and since NORs in most cases organize a single nucleolus, these two pairs of chromosomes are physically located more closely to one another than the rest of the genome [16] .
Intermingling of the parental genomes in interspecific hybrids with equal proportion of genomes, such as in F1 hybrids of parents with the same numbers of chromosomes (of the same or similar length), is another issue. The pioneering work using sectioned interphase nuclei revealed that genomes of Hordeum vulgare and Secale africanum Staph. are spatially separated in the H. vulgare × S. africanum hybrid throughout the cell cycle [59, 60] . Moreover, the genome that originates from H. vulgare L. tended to be located in a single cluster and positioned centrally in the nucleus. Similarly frequent separation of Lolium L. and Festuca L. chromatin in interphase nuclei was observed in their F1 hybrids (Kopecký et al., unpublished). On the other hand, not a single nucleus was observed in this study with clear spatial separation of the genomes of wheat and rye (as two hemispheres with the least possible contacts between them), neither in tetraploid nor in hexaploid triticale (Figure 2) . Thus, the spatial separation of parental genomes in allopolyploids during the cell cycle is still an open question and more experiments have to be conducted to resolve this issue.
To conclude, this study shows that the chromosome domains of introgressed chromosomes or chromosome arms are highly stable among the tissue types and during the cell cycle phases. Chromosomes uniformly display the Rabl's configuration and homologues are spatially separated, as predicted by the theoretical model. All of the experiments and tests support the hypothesis that shorter chromosomes and chromosome arms are more centrally located in the 3D nucleus, while longer ones are peripherally positioned, close to the nuclear envelope. On the other hand, it appears that the arm ratio itself does not play a role in the positioning of the chromosome and its arms.
Materials and Methods
Plant Material
The plant material consists of a set of lines of common wheat (Triticum aestivum L. ssp. aestivum, 2n = 6× = 42) cv. 'Pavon 76' with introgressions of rye chromosomes or chromosome arms: disomic substitution of rye chromosome 1R for wheat chromosome 1A [1R(1A)], ditelosomic addition line 1RS, a deletion line del 1RS.1RL(1A), where ca. proximal 36% of the short arm is missing, a deletion line 1RS. del 1RL(1A) where proximal ca. 30% of the long arm is missing, and homozygotes for centric wheat-rye chromosome translocations 1RS.1BL, 1RS.1DL, 1AS.1RL, 2RS.2BL, 2BS.2RL, and 5RS.5BL. The telosomic line and all centric translocation lines were created by the centric misdivision of complete normal chromosomes of rye and their wheat homoeologues; the deletion chromosomes were identified during selection of centric translocations [61] .
Further, a set of alien chromosome addition lines carrying barley (Hordeum vulgare L.) cv. 'Manas' chromosomes or chromosome arms in a common wheat (original cross with cv. 'Asakaze', backcrossed to cv. 'Chinese Spring') background (3H, 3HL, 3HS, 6H, 6HL, 6HS) and two lines carrying disomic wheat chromosomes 3B and 5B in a tetraploid rye background was used. Additionally, tetraploid triticale with the genomic constitution AARR and hexaploid triticale cv. 'Rhino' with genomic constitution AABBRR were also involved in the study. All of the materials with rye chromosomes (wheat-rye addition and translocations lines, rye-wheat introgression lines and triticales) were provided by Dr. A.J. Lukaszewski, University of California, Riverside, CA, USA.
Note on terminology: this manuscript uses the original terminology of Bridges (1917) for chromosome aberrations, where "deficiency" is a loss of a terminal chromosome segment and "deletion" indicates a loss of an intercalary segment.
Isolation of Nuclei by Flow Cytometry Sorting
The isolation of nuclei was performed according to [62] . Nuclei in G 1 , G 2 , or S phase of the cell cycle were identified and sorted while using a FACSAria II SORP flow cytometer (BD Biosciences, San Jose, CA, USA). About 50,000 nuclei at G 1 , G 2 , or S phase were obtained for each sample.
Dry seeds were put into water over night to obtain embryonic cells, and after the removal of seed coats they were fixed, as described above. For leaf cells, leaves from mature plants were collected into a tube and fixed in the same way. Seeds and leaves were cut in the meiocyte buffer A to very small pieces by a razor blade. The obtained mixture was filtered through 20 µm nylon mesh into a 5 mL polystyrene tube and processed, as described above.
Probe Preparation and 3D-FISH
Total genomic DNA of Secale cereale L. and Hordeum vulgare was labelled with Texas Red or TRITC while using a Nick Translation Kit (Roche Applied Science, Penzberg, Germany) according to manufacturer's instructions, and applied as a probe. A centromeric probe was prepared by PCR using centromere-specific primers [63] and digoxigenin-11-dUTP (Roche Applied Science). The probe was detected with anti-digoxigenin-fluorescein (Roche Applied Science). In some experiments, a combination of telomeric and centromeric probes was used. For the wheat and rye centromeres, an oligonucleotide probe that was based on the sequence of clone pHind258 [63] and directly labelled with Cy5 was used. The telomeric probe was prepared while using PCR and FITC-directly labelled nucleotides. Total genomic DNA of wheat was sheared to 200-500 bp fragments by boiling and used as blocking DNA at a ratio of 1:150 (probe/blocking DNA). To visualize wheat chromosomes in rye background, total genomic DNA of T. durum Desf. was labelled with TRITC and then combined with rye blocking DNA (both prepared as described above). For experiments with triticale, rye genomic DNA was labelled with FITC and genomic DNA from T. durum was labelled with TRITC (both prepared using a Nick Translation Kit). 3D-FISH experiments were performed, as described in [62] .
Image Acquisition and Analysis
Selected nuclei were optically sectioned while using an inverted laser spinning disk microscope (Axio Observer Z1, Zeiss, Oberkochen, Germany) and ZEN Blue 2012 software; an inverted motorized microscope Olympus IX81 equipped with a Fluoview FV1000 confocal system (Olympus, Tokyo, Japan) and FV10-ASW software; and Axio Imager.Z2 microscope (Zeiss) equipped with confocal Andor DSD2 System and iQ3.6 software (Andor, Belfast, United Kingdom of Great Britain).
For each nucleus, 80-120 optical sections in 160-200 nm steps were taken and then merged into a 3D model. Subsequent analyses were performed while using Imaris 9.2 software (Bitplane, Oxford Instruments, Zurich, Switzerland). Imaris applications 'Contour Surface', 'Spot Detection' and '3D Measurement' were used for the manual analysis of each nucleus. The volume and the centre of the nucleus (CN) were determined from the rendering of primary intensity of DAPI staining while using the function 'Surfaces'. The lengths of introgressed chromosome arms were measured using the 'Polygon' function. The 'Spot' function was used to mark the positions of centromeres (C), telomeres (T), and the mid-points of introgressed chromosome arms (MA). Distances between the centromeres of introgressed homologues (C-C), between their telomeres (T-T) and between their mid-points of arms (MA1-MA2) were measured while using the 'Line' function. For more precise assessment of the distance between the centre of the nucleus and the chromosome arm (CN-MA), distances between three points of the arm (at 25%, 50%, and 75% of the arm length) and the centre of the nucleus for each chromosome arm were measured. Averages of these 3 values were used in subsequent analyses. The nuclear volume of triticale nuclei was calculated as the sum of volumes of the rye and wheat chromatin, both being measured using the 'Surfaces' function. 'Display Adjustment' was used to adjust the channel contrast and, thus, to improve the visualization of all analyzed objects. Between 20 and 40 nuclei were analyzed per genotype.
Association vs. Separation of Rye Homologous Chromosome Arms in the Wheat Nucleus
The nuclei were visually screened in Imaris to estimate the frequency of association (manifesting itself as physical connection) or separation of targeted chromosomes or chromosome arms, and each nucleus was assigned to one of the categories: 1, complete separation, where no visible connection of the homologous arms was observed; 2, partial association, where a connection in at least a short segment of the chromosome arms was visible; and, 3, complete association, where both homologous chromosomes or chromosome arms were associated along their entire lengths.
Statistical Data Analysis
The distance between the mid-point of introgressed arms and the centre of nucleus (MA-CN) was used as the main determinant of spatial positioning of introgressed chromosome/chromosome arms in a 3D nucleus. The MA-CN values were compared between the translocation lines while using general linear models (LM) and individual comparison tests were done using Bonferroni adjusted probability level after a significant F test. A similar statistical procedure was used to compare the nuclear volume and arm length. The Spearman correlation coefficient was used to evaluate the relationship between chromosome arm length, chromosome length, arm ratio, and the MA-CN. The MA-CN distances were standardized by nuclear volume as a dependent variable to avoid potential bias caused by nuclear volume variation within and between translocation lines. For statistical evaluation, estimated values of arm ratio, chromosome, and chromosome arm length have been calculated from karyotypes of Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/17/ 4143/s1. Video S1. Nucleus of hexaploid triticale with fluorescently labelled rye and wheat chromatin. Total genomic DNA of rye was labelled with FITC using Nick translation (green color), total genomic DNA of wheat was labelled with TRITC (yellow color), and centromeres of both wheat and rye chromosomes were visualized using oligonucleotide probe (magenta color). Nuclear DNA was counterstained with DAPI (blue color). Wheat and rye chromatin was visualized in Imaris 9.2. using 'Surfaces' function.
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